This study investigates reducing the vibration of structures under different earthquakes using magnetorheological dampers. To investigate the effect of the magnetorheological damper arrangement on reducing the vibration amplitude of structures, experimental studies are conducted in which magnetorheological dampers are commanded by a robust controller. So, the performance of the system is investigated using different combinations of two magnetorheological dampers on a building and three different arrangements for dampers are considered for experimental study. Additionally, an H 1 controller is designed to determine the voltage transmitted to the magnetorheological dampers. The results show that the magnetorheological damper commanded with the robust controller effectively reduces the vibration of a sixstory steel structure. Furthermore, the magnetorheological damper arrangement in which the one end is connected to the ground reduces the vibration amplitudes.
22
developed a causal suboptimal control, placing an MR damper on the first floor of the base-isolated structure with 2 DOFs. The results were compared with instantaneous optimally controlled and uncontrolled situations, and the presented control algorithm was shown to be effective in reducing the effects of earthquakes on the structure. Bitaraf et al. 23 used two MR dampers, which were placed on the first and second floors of the structure, and applied two control methods. The first was a direct adaptive control based on a simple adaptation technique. The other was developed using genetic-based fuzzy control. Heo and Jeon 24 used a three-story structural model. MR dampers were placed on the first and second floors. The basis for the control algorithm was Lyapunov stability theory. Rahbari et al. 25 designed a LQR via an optimal control algorithm. Two structural models were used to implement the controller as three-and 11-story structures. MR dampers were located on all of the floors of the three-story structure and on the ninth, 10th, and 11th floors of the 11-story structure. Cetin et al. 4 used a six-story steel frame structural model, and an MR damper was implemented on the first floor. A nonlinear adaptive controller based on the Lyapunov technique, which can balance parametric uncertainties, was used to command the MR damper voltage.
The studies in the above literature review are considered from the view of their control methods, the MR damper layouts, the MR damper numbers, and the number of floors. Considering the above literature review, the recommended layout combination has not yet been examined, although the effects of the MR damper's layout on vibration control have been studied. Thus, one of the most important contributions of this study to the literature is the recommended combination of the MR damper layout.
The present study investigates the arrangements of two MR dampers distributed on different floors based on experimental studies. The primary contribution of this study is the investigation of three combinations of MR damper layouts, two of which have not been studied by other researchers. A robust control method is used to command the MR dampers. The MR damper is a semiactive control device that can be controlled by only the voltage transmitted to the electromagnetic coils. An H 1 robust controller is designed for the MR damper voltage, which affects the damping force of the MR damper. The performance of the designed controller and MR damper is experimentally tested using a shaking table by placing the various combinations on a six-story steel frame structure. Three different combinations of the MR damper are tested in this study. The performance of the control algorithm and the effect of the MR damper arrangements are evaluated based on the shaking table tests using earthquake data. The results are compared with situations in which MR damper is not connected and when the MR damper is passive and semiactive.
Problem formulation
In this study, three different MR damper locations (arrangements) in a six-story steel frame structure are investigated, as shown in Figure 1 . The three MR damper arrangements that are examined are listed below:
Case A: An MR damper is installed between the first floor and the ground (MR 1 ). Case B: An MR damper is installed between the second floor and the ground (MR 2 ). Case C: Two MR dampers are used. The first MR damper is installed between the first floor and the ground, and the second MR damper is installed between the second floor and the ground (MR 12 ).
The mathematical movement of the building models shown in Figure 1 can be given as
where f(t) is the damping force of the MR damper and M s , C s , and K s 2 R 6Â6 are the mass, damping, and stiffness matrices, respectively. € x t ð Þ, _ x t ð Þ and x t ð Þ 2 R 6Â1 are the acceleration, velocity, and displacement vectors, respectively. Unidirectional horizontal movement is considered in this model. The relative displacement vector for each of the three models is
If the MR damper is on the first floor, as shown in Figure 1 , the H vector, which indicates the placement of the control units in the system, is
If the MR damper is placed between the second floor and the ground If the MR damper is on both the first and second floors, H MR1 and H MR2 are separately
The seismic input vector is L ¼ 1 1 1 1 1 1 Â Ã T . € x g t ð Þ represents the earthquake ground acceleration. Schematic models of the MR damper arrangements are shown in Figure 1 .
Robust control design
The results of the previous section allow for the creation of a model that is used in the control design. In this section, a robust controller is designed based on the reduced-order model (ROM) and then applied to the fullorder model (FOM). A mixed sensitivity problem is considered for the control design. The performance of the designed controller is presented, and the semiactive controller implementation rule is defined.
Identification of the system and model reduction
In most cases, controlling the lower modes effectively reduces the amplitude of the structural system. In particular, the effects of the lower modes are greater than the higher modes in the vibrations of flexible systems, such as elastic rotors, beams, and high-rise buildings. 26 Therefore, controlling only the lower modes is important and sufficient to mitigate vibration. Moreover, such flexible systems are modeled with many DOFs. The controller can be designed based on these FOMs. Nevertheless, it is difficult to design and implement control using FOMs when the system model is too large, especially in experimental studies and real applications. Therefore, using ROMs that capture the dominant characteristics of the system represents a meaningful alternative for control design and implementation.
In this study, a modal approach is chosen to reduce the order of the model. An H 1 controller is designed based on this ROM and is applied to the FOM. In this approach, the higher modes are truncated, and the lower modes are considered in the model used to control the design. Neglected system dynamics occur in the reduction procedure. All of these dynamics induce system uncertainties. Considering again the structural system that was modeled in the previous section, the FOM of the system in physical coordinates can be written in the statespace model as follows
where A f , B f , C f , and D f are the linear system matrices in the state-space form given, respectively, by
Here, the C y1 and C y2 vectors represent the locations of the measurements and are defined as
The system matrix can be designed as
For the model order reduction, the system must be transformed from the physical space to the modal space. Transformation from the physical space to the modal space can be performed using the following operator
Using this modal coordinate transformation vector, the equation in modal coordinates can be written as
where
The matrices C f , K f , and H f are defined, respectively, as 
When structural control is considered, controlling the first two modes provide good results for the earthquake hazard mitigation of structural systems and reduces the amplitudes. Therefore, the ROM is formed using the first two modes of the full-order system. Thus, the ROM is defined in the form of
In the last stage, the ROM must be retransformed to physical coordinates for the control design. Consequently, the ROM can be written in physical coordinates as follows
Controller design
If the controlled variable converges to a value determined by the stability condition of the system, it is termed regulator type. In this study, a regulator-type control system is considered. Thus, there is no need to follow the reference input while controlling the system. In control theory, the regulator problem is the design of the controller such that norm of the closed-loop transfer function is minimized and the closed-loop system is stable. The parametric uncertainties are defined as differences between real values and the parameters of the mathematical model. 27 Systems models affected by parametric uncertainties reduce the control system performance. 28 The robustness of the control strategies is studied by many different applications considering the sensitivity of the control system to parametric errors and measurement noise added to the system. 11, [26] [27] [28] [29] [30] [31] [32] Many dynamic destructive effects, such as high-frequency dynamics, which cannot be modeled and which form in different parts of the system, can be evaluated in a single block, such as ''Á.'' These uncertainties are called ''nonstructural uncertainties.'' In linear time-invariant systems, Á represents an unknown transfer function. Differences between real systems and dynamic models are modeled as follows
The primary point of H 1 control design is stability of the feedback control system against unknown additive uncertainties. Considering the block diagram of the control system shown in Figure 2 , the two primary transfer functions in this control system are S(s) and T(s). S(s) is defined as the sensitivity transfer function, and T(s) is the complementary sensitivity transfer function. Generally, T(s) is the primary transfer function for the stability of a closed-loop system. When T(s) and Át(s) are considered stable, using a W T filter and provided that the upper limit of Át(s) satisfies
a norm W T condition o from to z 2 , the feedback system can be stable
The second aim of the H 1 controller is to improve the performance of the feedback control system. The problem regarding improving the response performance is how to attenuate the influence of the disturbance w on the output y of the plant. This issue is related to minimization while subjected to the condition of stability of the closed-loop system. The H 1 norm condition can be written as
where W S is the filter for the system output. A small control gain is used in a high-frequency region for robust stability. Thus, specifying the W S (s) and W T (s) filters in the control system satisfies both robust stability and response performance. This type of H 1 controller is called a mixed sensitivity problem and is defined as
where is a design parameter that is positive.
Selection of frequency shaping filters
An important step in H 1 control is to determine the frequency shape filters. Additive uncertainty is used to select W T . A filter should cover the uncertainty to provide robust stability. Moreover, the objective of the control, which is the control of the first two modes, should be considered. Furthermore, considering the spillover effect, the controller should suppress the first two modes without exciting the truncated modes. In this manner, frequency shape filters take the following form
where ! nm is the frequency of the last controlled mode and ! dm is the frequency of the first uncontrolled mode. In particular, the W S filter is used to reduce the control system sensitivity included in the uncertainty effect and is defined as a constant.
Controller application in semiactive system
The MR damper's voltage should vary to ensure that the necessary power can be produced in the system. A continuous state function is used to achieve these changes in voltage. The voltage of the MR damper is selected as follows 33, 34 If where V max is the maximum voltage in the MR damper, V min is the minimum voltage in the MR damper, f c is the force necessary for the system and is determined by the controller, and f d is the force formed by the MR damper and is measured by the system. Finally, G is the MR damper control gain.
Experimental performance analysis and results
Shaking table experiments are conducted in the Machine Theory, System Dynamics and Control Laboratory of Yildiz Technical University to test the designed control algorithms. Experimental verification is completed using a six-story steel frame structure, as shown in Figure 3 . This type of steel frame structure model is generally used in experimental studies in the literature. Each floor of the structural model is formed by connecting sheet metal using screws. The weight of each floor is approximately 107.5 kg. Eight bars between floors, which represent columns, are made of spring steel. Each bar is 3 mm thick and 50 mm wide. The distance between the floors is 250 mm, and the floors and bars are connected using screws. Sensors of different brands and types are used as the measurement equipment. A schematic view of the experimental system (for MR 12 ) is shown in Figure 4 . A driving servo-motor system of the shaking table and the application of the designed controllers in the system are conducted using a dSpace ACE Kit 1103. A 12-channel NetdB signal analyzer is used to process the acceleration signals. In this experiment, the displacement and acceleration of each floor are measured. One Waycon-branded linear variable position sensor (LVDT), one Solartron LVDT, one Burster LVDT, and three Opkon-branded resistive linear position sensors are used to measure the displacement. Two Bru¨el&Kjaer accelerometers and four Dytran accelerometers are used to measure the acceleration. Three types of RD-8041 MR dampers are installed in the building model, denoted as MR 1 , MR 2 , and MR 12 and summarized in Table 1 .
The force formed by the MR damper is measured using Bru¨el&Kjaer and Dytran force sensors. The processing of the displacement and the force data is conducted using dSpace ACE Kit 1103. Two adjustable power generators are used to supply the displacement sensors. One computer is used to data process the acceleration data, and another computer is used to drive the shaking table and to control and process the data by communicating with dSpace. 
Application of the H1 controller
The H 1 controller designed for a 6-DOF semiactive structural system, as described in ''Robust control design'' section, is applied to the structural models in Figure 1 . A 0.5-scale Erzincan earthquake is considered as the seismic excitation (see Figure 5) .
Three different installation layouts (connection types) are studied. Abbreviations for these scenarios are shown in Table 1 . The output vector in equation (4) of the displacement feedback on the first floor for MR 1 is C y1 ¼ ½ 1 0 0 0 0 0 and that for MR 2 is C y2 ¼ ½ 0 1 0 0 0 0. C y1 and C y2 are applied separately for MR 12 .
The last frequency values to be controlled and the first frequency values, which are not controlled, are used to adjust the frequencies of the W T filter in equation (20) . The last mode frequency to be controlled in the numerator is considered as the next mode frequency, which is not controlled in the denominator. The aim is that control gain is acquired in the frequency area to control the first two modes to sustain robust stability and such that it does not simulate any other modes, which are not controlled. The coefficients of the controllers are k w ¼ 0.4, x nm ¼ 0.65, x dm ¼ 0.15, ! nm ¼ 43, and ! dm ¼ 66. The H 1 controller is applied to the experimental structural model using the MR damper. The first two modes are the reduced forms of the 6-DOF systems for the H 1 controller. The ROM and FOM are illustrated in Figure 6 , which shows that the first two modes of both models match. Therefore, the 2 MR damper is placed between the second floor and the ground MR 12 MR dampers on both the first and second floors MR: magnetorheological.
first two modes of the ROM present the same characteristics as the first two modes of the FOM. The H 1 control is designed using MATLAB. The frequency response of the H 1 control is shown in Figure 7 . To suppress the lowfrequency region, the controller has the highest gain around the range of the first two modes. Accordingly, to avoid the spillover effect, the lowest gain is provided around the truncated modes, in which the control effect is not expected. Finally, the open-and closed-loop responses of both the FOM and ROM are shown in Figure 8 . The figure shows that the controllers achieve good performance and reduce the frequency range of the controlled modes without exciting the truncated modes. The MR 1 and MR 2 controllers are used together for the MR 12 controller. Here, the amplitude values indicate the maximum value of the vibration mode of the system for the passive and controller cases. Figures 11 and 12 , the controlled cases for all situations are compared. The maximum displacement responses are compared in Figure 11 . The best performance is achieved by MR 12 (H 1 ), in which an MR damper is on both the first and second floors and is commanded by the H 1 controller. Figure 12 compares the maximum acceleration responses. MR 12 (H 1 ) again exhibits the best performance. Generally, implementation of the controller reduces the maximum absolute values of the accelerations. However, some of the maximum absolute values for the controlled cases are greater than the MR damper-passive cases. 
Assessment of the structural vibration performance
To evaluate the test results in detail, the performance indices formed by Ohtori et al. 35 are used as follows
The maximum interstory drift ratio of the uncontrolled structure. hi: distance between floors, di: displacement between floors, € x max i ðtÞ: absolute acceleration without the controller.
In the performance indices, the passive cases with the controller and MR damper are proportional to the passive case without the MR damper. The performance index values obtained by the experimental data are shown in Table 2 . All of the performance index values are less than 1. Thus, the system recovered as a result of the MR damper's control and connection to system. The amplitudes of the system in both situations (MR passive, MR with controller) are less than the amplitude in the passive situation without the MR damper. The first performance index compares the maximum values of the amplitudes between floors. The maximum value of the vibration amplitude, as a result of the connection of the MR damper to the system according to this performance standard, is shown in Table 2 . The J 1 performance standard is less than 1 for the MR 1 , MR 2 , and MR 12 cases.
Thus, the system amplitude decreases for a passive MR damper in the system. When the passive cases with the MR damper are compared, the best performance is obtained for the MR 12 case in which the MR damper is placed on both the first and second floors. When the passive situations and situations with the controller are compared, situations with the controller decrease the vibration amplitudes more effectively than in the passive cases. Similarly, when the three connection types are compared, the best performance is acquired for the MR 12 situation, as shown in Table 2 . The second performance index is based on the maximum acceleration value. The J 2 performance index is less than 1 for the MR 1 , MR 2 , and MR 12 situations. Thus, for the passive MR damper system, the acceleration of the system also decreases. When we compare the passive situations, the best performance is achieved for the MR 12 situation in which MR damper is placed on both the first and second floors. When the situations with the controller and passive situations are compared, MR 12 has the best performance. Although situations with the controller compress the displacement of vibrations, the acceleration response worsens in situations with the controller. This occurs because the controlled voltage while the MR damper is functioning occasionally locks the MR damper, and thus, the acceleration values of the floor on which the MR damper is placed increase. The third performance index is based on the maximum value of the displacement norm. Again, the best performance index is achieved by MR 12 (H 1 ). The fourth performance is based on the maximum value of the acceleration norm. The performances of MR 12 (H 1 ) and MR 2 (H 1 ) recovered. The best performance is achieved by MR 12 (H 1 ). As this performance index involves all acceleration values, the fact that the values of MR 2 (H 1 ) and MR 12 (H 1 ) are better than the passive values indicates that the controllers decrease the total acceleration values even though they fail regarding the maximum acceleration values. The maximum displacement values of each floor are shown in Figure 13 . The passive case, which corresponds to when the MR damper is not connected to the structure, performs worse than the other cases. The displacement values of each floor for the passive case are greater than both the uncontrolled and controlled cases. The connection of the MR damper to the structure reduces the displacement of all floors. In addition, all of the H 1 -controlled cases perform well compared to cases when the MR damper is connected but not controlled. For example, the maximum displacement values of each floor in the MR 1 (H 1 ) case are smaller than the MR 1 uncontrolled case. Similarly, the application of the robust controller reduces the maximum displacement values in both the MR 2 and MR 12 cases. The RMS values of each floor are shown in Figure 14 . The RMS values of the passive case are larger than those of the other cases. Again, connecting the MR damper reduces the RMS values. In addition, the MR 1 (H 1 ), MR 2 (H 1 ), and MR 12 (H 1 ) cases perform well in terms of reducing the vibrations on each floor compared to the uncontrolled cases. Thus, the H 1 controller exhibits good performance in reducing the displacement of all floors, and it exhibits the best performance for the MR 12 situation. The maximum displacement values shown in Figure 13 and the RMS values shown in Figure 14 verify the above summarized performance analysis. The absolute maximum values of the accelerations are given in Table 3 . The absolute maximum values of the accelerations for all combinations of the MR dampers are lower than those in the passive case. The RMS values are shown in Table 4 . All of the absolute maximum values of the accelerations for all combinations of the MR dampers are lower than for the passive case. In general, implementation of the controller reduces the maximum absolute values of the accelerations. However, some of the maximum absolute values for the controlled cases are greater than the MR damper-passive cases.
Conclusions
In this study, a H 1 robust controller is designed to command MR damper voltage by placing an MR damper on different floors to reduce building vibrations during earthquakes. The designed controller is experimentally tested in the laboratory using a shaking table and a six-story structural model. The performances of the controller and MR damper are investigated. Comparisons are made among cases when the MR damper is not connected, passive, and controlled with H 1 . Additionally, we study how the building reacts when the MR damper is placed in various combinations. The evaluations are based on the displacement and acceleration responses and the performance indices. Moreover, the maximum displacement values and RMS values of each story are considered. When the passive damper situations are considered, the structural system amplitudes decreased compared to the case without the MR damper for all three combinations. The arrangement of the MR damper in which one end is connected to the ground is effective in reducing the vibration amplitudes. In addition, the MR damper connected between the second floor and the ground is more effective than the damper connected between the first floor and the ground. However, the best combination of MR dampers is the connection between both the first floor and the ground and between the second floor and the ground. Furthermore, the designed controller clearly improves the system performance. The best performance is acquired for the MR 12 (H 1 ) situation, in which an MR damper is located on both the first and second floors and the dampers are commanded by the H 1 controller. In one MR damper case, the MR damper arrangement which is connected between ground and second floor reduces the vibration amplitudes more than the MR damper arrangement which is connected between ground and first floor. In future studies, the case for which the MR damper is connected to the system between the first and second floors will be examined and compared to the previous cases.
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